For modelling the interactions of proteins/peptides with hard metal ions the complex formation of salicylglycine (SalGly) with Ca(II), Mg(ll) and AI(III) ions was studied in aqueous solution using pHpotentiometric and UV-vis spectroscopic techniques. Al(lll) ion was found to form more stable complexes with SalGiy than Ca(ll) 
INTRODUCTION
The active site of a metailoenzyme usually consists of several donor atoms or groups in a special arrangement to be able to bind metal ions. The metal centre formed is responsible for the activity of the enzyme. Redox or non-redox metal ions can be involved in metalioenzymes depending on the type of reactions they catalyse. In order to understand the role of the metal ions in mechanism of enzymes and developing new synthetic metalloenzymes, it is necessary to know more about the interaction of metal ions with peptides and proteins. Large number of metalloenzymes have been crystallised and their structure characterised by X-ray diffraction. Often the dynamic structures and catalytic properties of the enzyme in solution are clarified by muitinuclear NMR techniques, when changes in the active site of the enzyme during the catalytic cycle are monitored. Besides this approach, the structural and functional modelling of the active Site of metalloenzymes is another way to obtain the desired information. Zn(II), Fe(II), Mn(II), Cu(II), Ca(II) and Mg(II) metal ions are frequently present in metalloenzymes, hence their complexes with relevant model molecules are the most studied. There are also many other metal ions, which are not essential elements, but they may influence the activity of enzymes. One of these metal ions is AI(III). The detrimental role ofAl(III) in many biological, enzymatic processes is well documented/1-4/. In many cases the toxicity of Al(III) is linked to its ability to replace Ca(II) or Mg(II) ions in their biological environment and in this way to interfere with their reactions in biological systems /5/. In this paper the coordination behaviour of Salicyiglycine (SalGly) with Ca(I'I), Mg(II) and AI(III) has been investigated by pH-metry and UV-vis spectroscopic method.
SalGly ( Figure 1 ) is a hydrolysis product resulting from glycine conjugation with salicylic acid and it is a metabolite of the widely used analgesic known as aspirin/6/. Dynamic light scattering (DLS) measurements were performed using a ZetaSizer 4 (Malvern, U.K.) apparatus operating at ) 633 nm produced by a He-Ne laser at angle 90 at 25 +_ 0.1 C. The light scattering was measured in 10 mL samples containing AI(III) alone and AI(III) and the ligand at the same concentration as for potentiometric measurements (cga,,d 4"10 -3 M) and at 1:8 the metal ion to ligand ratio. The pH of dilute systems was adjusted in the pH range 4-7 and measured directly before the sample was placed into the quartz cell. The pH-dependent particle aggregation was measured at 0.2 M KC1 constant ionic strength.
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RESULTS AND DISCUSSION
Potentiometric Measurements
Potentiometric titrations of SalGly indicate the stepwise dissociation of two protons in the measurable pH range, one from the carboxylic group with pK 3.38 and one from phenolic hydroxyl group with pK 8.11.
The measured values are in reasonably good agreement with the earlier literature data (see Table 1 ). 9 .60 and glycyl-glycine with pK(COOH) 3.21 and pK(NH3+) 8.13 shows that the pK 3.38 value of carboxylic group of SalGly is close to that of the dipeptides/16/. The pK 8.11 value of phenolic-OH group of SalGly is close to that of the terminal amino group of GlyGly. Accordingly, concerning the donor group arrangement and the basicity of the donors, SalGly is a good model for peptides, however, the neutral-NH2 terminus is replaced by a negatively charged O-donor, which may be a more suitable anchor for hard metal ions.
The stability constants (log(13) calculated by the joint evaluation of the titration curves obtained at various metal ion to ligand ratios for Ca(II)-, Mg(II)-and AI(III)-SalGly systems are listed in Table 2 . Table 2 Proton and stability constants (log [3, 3SD values Average difference between experimental and calculated titration curves expressed in mL of the titrant.
Evaluation of the titration data for Ca(If)-, Mg(II)-SalGly led to a model including only a single mononuclear hydroxo complex MLH_ (or more precisely ML(OH)), which occurs at pH > 8. Other mononuclear species MLH, ML were rejected by the computer program. Due to the high proton competition on the phenolate site, coordination occurs only at low hydrogen ion concentration in overlapping processes of the hydrolysis of the metal ion resulting in the formation of a ternary mixed hydroxo complex. The interaction of SalGly with these metal ions is rather weak (their stability constants are similar), represented by the fact that the extent of complexation hardly reaches 10 % at a ten fold excess of ligand at pH 8. pH-potentiometry is not the best method to determine such low stability constants, and thus very few stability data have been published in the literature on alkali-metal complexes/17-20/. The clearly observed higher absorbance in the UV spectra of the ligand in the presence of metal ions, as compared with that in the absence of Mg(II) or Ca(If) ions, unambiguously prove the coordination of the metal ions.
The complex formation with AI(III) is more complicated because of the more complex hydrolytic equilibrium of the AI(III) ion. In order to prevent precipitation of the neutral AI(OH)3, pH-metric measurements were performed at high excesses of ligand, too. Depending on the metal ion to ligand ratio, precipitation occurred at different pH values at pH 4.7 for 1"1 metal to ligand ratio, in the range of pH 5.2-5.5 for 1:2 and 1:4 metal to ligand ratio, while only at pH 7 for the 1:8 or higher metal ion to ligand ratio.
The equilibrium titration data for Al(lII)-SalGly system were evaluated by a speciation model including mononuclear complexes in different protonation states AILH, AlL, AILH_ and AILH_2 (see Table 2 ). The formation of various dinuclear species was also tested in the evaluation, but these species were always rejected in the calculation procedure. In the pH ranges indicated above, complex formation was fast; pH equilibrium was reached in less than 5 min, thus formation of oligonuclear complexes in such low AI(III) concentrations seemed to be negligible. The interaction of Al(lIl) with SalGly is significantly stronger than with Ca(If) and Mg(II) ions. As seen in the speciation curves (Figure 2 ) complex formation is practically complete by pH 5 at an eight-fold excess of ligand. Figure 2 reveals that complex formation starts at pH 2 with a protonated complex A1LH. In this I/'ol. 1, Nos. [3] [4] 2003 Complex Formation Between Ca(ll), Mg(ll), Al(lll) Figure 3 (a and b) .
As seen in Fig. 3a , the phenolic OH is protonated in acidic solution and gives a band between 2"70 and 340 nm with maximum at 298 nm in the pH range 3-6. On increasing the pH, a new band develops at 326 rim, corresponding to the deprotonation of phenolic OH group. The isobestic point observed at 307 nm indicates two species in equilibrium: the phenolic function being either in protonated or deprotonated form.
The presence of Ca(If) or Mg(II) ion has only a slight effect on the UV-vis spectra of the ligand, indicating that these metal ions can induce deprotonation of the phenolic OH only weakly. At pH > 6 when the ligand starts to deprotonate by itself, these metals are able to bind the ligand in the MLH_ complex by The UV-vis spectra of Al(III)-SalGly system recorded at different values in the pH range 3-12 also consists of two bands at 298 nm and 326 nm (see Figure 3b) . In acidic solution (pH < 4) the band of phenolic OH group (298 nm) is the dominant one. The absorbance of the band at 326 nm, characteristic to the phenolate group, increases upon increasing the pH up to -5 (see Figure 3b) and results in the disappearance of the band at 298 nm. This indicates the AI(III) induced deprotonation of the phenolic OH and the subsequent coordination to Al(Ill). At pH > 5, when the species AlL(OH)2 starts to be formed the absorbance belonging to the phenolate group decreases, which can be explained by the assumption of the re-protonation of the phenolate group accompanied by its release from the coordination sphere of Al(lll).
In the pH range 3-6 the formation of complex AILH_ can be detected by both UV-vis spectroscopy and pH-potentiometry. Comparing the species distribution curves (see Figure 2 ) with the change of the absorbance measured at 326 nm as a function of pH (see Figure 4) Figure 2 ). In the absence of SalGly approximately 2-6 times bigger particles were formed than in the AI(III)-SalGIy system. The adsorption or outer-sphere binding of the ligand on the surface of AI(OH)3 nanoparticles was pH dependent; the extent of adsorption of SalGly increased with increasing pH. These observations suggest that the direct or outer-sphere coordination of the ligand to AI(III) has a great influence on the aggregation behaviour of the AI(OH)3 nanoparticles. Namely, SalGly through the formation of the proposed outer-sphere type complex A1LH_2 or more precisely AI(OH)3 .HL hinders aggregation.
CONCLUSION
The speciation studies indicate a weak interaction of SalGly with Ca(ll), Mg(ll) and AI(III) ions.
Mononuclear 1:1 complexes are formed in these systems. In the case of Ca(If) and Mg(II) only the mixed hydroxo species MLH_ (more precisely ML(OH)) occurs at pH > 8, while in the Al(III)-SalGly system various 1"1 complexes of different protonation states are formed in the pH range 2-6.5. In the complexes AILH and AlL the phenolic-OH group of SalGly remains protonated (see Structures II and IV in Chart I). The UV-vis spectral changes (see Figure 4 ) provide convincing evidence that the phenolic-OH is deprotonated in the species AILH_t. In this complex SalGly is possibly bound in a tridentate (COO-, CO, O-) way and an OH-is also bound to the metal ion (see Structure VII in Chart I). In the species AILH_2, tbrmed at pH > 5.5, besides the direct coordination through the CO0-donor the phenolic-OH is assumed to be in hydrogen bonding with the metastable hydrolytic product of AI(III). The 
